Introduction
Interest on tricuspid valve (TV) has increased in the last two decades with the increasing awareness that functional tricuspid regurgitation (FTR) is not an innocuous bystander of left side valve disease [mostly in the setting of mitral valve (MV) disease], but rather an insidious, unpredictable, and often irreversible valve disease progressively leading to untreatable right heart failure and eventually to death. 1 In the late 60', it was believed that correction of the left-sided valve disease would result in a decrease or even abolition of FTR. 2 It is now clear that in a significant number of cases, FTR does not regress after leftside valve surgery especially when there is already a degree of right ventricular dysfunction. 3, 4 Nowadays millions of persons worldwide suffer for severe symptomatic FTR. In these patients, medical therapy is frequently ineffective. Surgical therapy may improve outcome, 5, 6 but it is associated with high mortality and recurrence of significant regurgitation. 7, 8 A 'prophylactic' tricuspid annuloplasty at the time of left-sided surgery, in patients with moderate tricuspid regurgitation and dilated tricuspid annulus (TA) (i.e. septal-lateral diameter > 40 mm), has been shown to prevent late FTR progression without increasing surgical risk. 9, 10 In the last few years, novel percutaneous treatment options were developed for treating FTR. Although there is a lack of clinical data to support the efficacy of these transcatheter procedures, in select nonsurgical patients, transcatheter approach to FTR may ultimately palliate symptoms. 11 A thorough knowledge of the anatomy of the TV apparatus is essential for understanding the process through which FTR occurs. Historically, source of the anatomical knowledge of TV has been cadaveric specimens 12, 13 or open heart surgery. Currently, noninvasive imaging techniques constitute invaluable tools to explore the anatomy of cardiac structures, supplementing and enriching the traditional anatomy. 14 Accordingly, in this review, we describe the normal anatomy of TV and surrounding structures as revealed by computed tomography (CT), cardiac magnetic resonance (CMR), 2D/3D transthoracic echocardiography (TTE), and 2D/3D transoesophageal echocardiography (TOE).
Anatomy of TV apparatus
The global architecture of the TV is similar to that of the MV. TV, in fact, consists of a circumferential hinge line, where leaflets are suspended (TA), three leaflets (anterior, posterior, and septal), and a suspension system usually composed of chordae tendineae and three groups of papillary muscles (PMs) (anterior, posterior, and septal). However, the valve presents numerous anatomical variations that make the inflow of the right ventricle (RV) a unique anatomical entity that distinguishes each individual as a sort of fingerprint.
Tricuspid annulus
Components of TA From an anatomical point of view, the TA is almost a virtual structure in that a continuous ring of dense connective tissue, from which tricuspid leaflets are suspended, does not exist. The atrioventricular junction actually consists of the juxtaposition of four components: the atrial myocardium, the ventricular myocardium, adipose tissue, and the hinge line of the tricuspid leaflets. With exclusion of the septal segment (which contains sparse fibrous strands), the TA is devoid of dense fibrous tissue and the fibrosa of the tricuspid leaflets tapers out in the adipose tissue of the atrioventricular groove. The adipose tissue is therefore an integrant part of the TA, covering almost the entire anterior-lateral-posterior C-shaped groove around the TV orifice. This anatomical arrangement contributes to assure an excellent electrical insulation between the atrial and the ventricular myocardium. Balanced steady-state free procession sequences of CMR, producing strong signals from both blood and adipose tissue and weak signals from myocardium, 15 are the most appropriate imaging modality providing a perfect delineation of the adipose tissue in the atrioventricular groove and its extension up to the hinge line ( Figure 1A ). On the other hand, while 2D echocardiography and CT are both able to delineate precisely the hinge line of tricuspid leaflet, they fail to differentiate the extension of adipose tissue in the atrioventricular groove and its anatomical relationship with hinge line of leaflets. Indeed, the resolution power of 2D/3D TTE and TOE does not allow yet distinguishing two tissues such as adipose and muscular, that have similar acoustic impedance while CT may potentially identify adipose tissue on the basis on thresholds of attenuation, but the borders of adipose tissue in the atrioventricular groove remain in most cases nearly indistinct ( Figure 1C and D) .
Segmentation of TA
Surgeons describe the TA in terms of four segments: the aortic, the anterior, the posterior, and the septal segment. The aortic segment is the hinge line of the antero-septal commissure. Identification of this segment is of paramount relevance during surgical implant of a tricuspid prosthesis or TV annuloplasty. Only few millimetres of tissue, in fact, separate the segment from the aortic root. Thus, imprecise orientation of a suture may injury the aortic leaflet or the aortic sinus. The proximity of this portion of TA with the aortic root, explains why aneurysms of the aortic root may distort the geometry of the TA, causing tricuspid regurgitation. 16 Similarly, endocarditis or abscesses involving the posterior areas of the aortic root may extend to the TV. Agricola et al. 17 have recently suggested a different annulus segmentation. The authors divided the parietal annulus into five areas: the antero-septal commissural (ASC) area, the antero-leaflet (AL) area, the antero-posterior commissural area, the posterior segment area, and the postero-septal commissural area (PSC). This segmentation is particularly useful during the various percutaneous procedures aimed to reduce the tricuspid regurgitation. 3D TOE, because of its unique ability to reconstruct structures with their third dimension, is the best imaging modality to visualize the anatomical relationship between aorta and annulus ( Figure 2A and B) and TA segmentation ( Figure 2C and D).
Anterior and posterior segments are part on the free wall of the RV, and TA can only dilate along these segments. Conversely, the septal segment is inserted in its anterior aspect to the central fibrous body [i.e. membranous septum (MS) plus right fibrous trigon] and is relatively spared from annular dilatation. The atrioventricular The right coronary artery and TA The right coronary artery (RCA) runs within the atrioventricular groove encircling the entire parietal attachment of the TV. The anatomical relationship between RCA and TA is subject to great variability. In fact, the course of RCA into the atrioventricular groove is undulating and the precise distance between RCA and hinge line of leaflets varies. This distance is a precious information for both cardiac surgeons and interventional cardiologists. Indeed, acute entrapment of RCA due to surgical sutures or impingement of the artery by suture pledgets or anchoring system during TV transcatheter annuloplasty are rare but potentially serious complications. 18 In an anatomic study on 46 explanted human heart, the distance between the RCA and the TA decreased significantly clockwise along the TA from 20 mm at the ASC to 10 mm at the PSC. 19 Another study performed with CT confirmed the tendency of RCA to run close to the hinge line in its posterior position 20 : at level of anterior leaflet, the distance was, in fact, 8.8 ± 4.5 mm, while at level of posterior leaflet the distance decreases up to 3.6 ± 3.4 mm. Certainly, the CT is the best imaging modality to visualize the particular anatomical relations ship between RCA and TA ( Figure 4 ).
Shape and motion of TA
In normal individuals, TA appears oval and slightly semilunar and has a saddle-shaped structure though less pronounced than that of mitral annulus. 21 The two regions superiorly displaced correspond to the antero-septal and postero-lateral segments, and the two regions inferiorly displaced correspond to the antero-lateral and posteroseptal segments. The most recent data on TA size in healthy . 23 TA has two main motions: the sphincteric contraction and the excursion towards the right ventricular apex. The first occurs because the anterior and posterior leaflets are inserted directly on the ventricular myocardium, following therefore RV systolic contraction. These changes in size result in a reduction of 20% in dimensions and perimeter and 30% in TA area. TA size (area, perimeter, and dimensions) progressively decrease during systole reaching a minimum size in late systole and a maximum size in late diastole after the atrial contraction. 21 In addition, the shape of the annulus varies during the cardiac cycle being grossly circular during the diastole and ovoid during the systole. 3D TOE can exquisitely illustrate the sphincteric motion of TA ( Figure 5A and B). The excursion of TA reflects the longitudinal contraction of the RV. Because the apex of the heart is firmly fixed through connective bands to the diaphragm, the longitudinal contraction of the RV causes the systolic descend of the TA. Either CMR ( Figure 5C and D) or 2D TTE can show the TA motion. In particular, in normal individual, the tricuspid annular plane systolic excursion, measured by 2D TTE in four-chamber view, must be greater than 16 mm.
Tricuspid leaflets
In all standard anatomical texts, TV has been traditionally referred to as having three leaflets (anterior, posterior, and septal) separated by three main indentations. 12, 13 The anterior leaflet is usually the largest and the most mobile and has a roughly semicircular shape. It extends from the anterior-septal commissure and reaches the posteriormedial commissure on the lateral wall of the RV contributing most to the competency of the valve. The posterior leaflet is usually smaller than the anterior, has a trapezoidal shape and it is attached to the posterior segment of the annulus; the septal leaflet is the smallest and is roughly semicircular. Similar to the MV, the three commissures dividing the three main leaflets do not reach up to the hinge line. Thus, from a strict anatomical point of view, a continuous veil of leaflet tissue makes up leaflets. Characteristic fan-like chordae are attached to the free edges of commissures. As previously mentioned, the TV presents a large variability among individuals. This variability is particularly accentuated for the leaflets. Some authors describe TV as having two leaflets: septal and mural leaflet, an anatomical architecture that mirrors the MV. 24 While the septal leaflet hanging down from the most robust and immobile part of the TA, the mural leaflet hanging down from the TA related to the free wall. This part of the TA is characterized by significant changes in size and shape during the cardiac cycle; therefore, the mural leaflet is required to have indentations to adapt leaflet's tissue to the changeable annular area and to ensure opening of leaflet which otherwise would be restricted because of longer inter-commissural length. Indeed, quite often indentations are more than one dividing the mural leaflet in up to six segments or scallops.
Advantages and limitations of imaging techniques in visualizing tricuspid leaflets
Echocardiography is undoubtedly the first line imaging technique to visualize the TV leaflets in real-time. Dozens of 2D cross-sections have been described and standardized. 25 Figure 6 is a collage of the most commonly used 2D TTE and TOE cross-sections. It must be emphasized that 2D TTE and TOE use tomographic cuts that transect perpendicularly the leaflets, thus their images represent only thin slices of leaflet tissue and only very few sections are able to transect the three leaflets simultaneously ( Figure 6H ). 3D echocardiography has the potential to image the entire tricuspid leaflets in an 'en face' perspective either from atrial or from ventricular point of view, miming the anatomic specimens. In patients with an optimal echocardiographic window, 3D TTE may provide diagnostic quality images from the apical four-chamber view. However, because of blurring or amplification artefacts, 3D TTE usually shows leaflets thicker than they are in reality. 26 This phenomenon is less pronounced with 3D TOE; however, the thinness of the leaflets and their obliquity respect to the ultrasound beam may produce more weak and scattered than strong and specular echoes. The assembly algorithms therefore are often unable reconstructing leaflet surfaces without dropout artefacts. 26 Figure 7 shows four major 3D TOE perspectives. Variants of the classic 2D/3D cross-section/perspectives are used during percutaneous procedures using mitral clip system. One of these variants is the transgastric commissural view or inflow/outflow RV transgastric view where the aorta is less visible and where are emphasized the anterior-septal and anterior-posterior commissures.
A clear visualization the tricuspid leaflets with CT requires that the space around the valve must be well opacified. This is possible only with a dedicated acquisition protocol (i.e. the operator should set the time for acquiring imaging when the contrast bolus opacifies the right cavity). Moreover, obtaining CT images in motion needs a retrospective reconstruction of multiple phases with a significant increase in radiation exposure. However, when mistakenly (the most frequent case) or for specific needs, the acquisition of CT scan images occurs earlier (i.e. with the contrast in right cavities) the CT may provide images of right heart of optimal quality. Indeed, the high spatial resolution of CT (in the new CT scanners the voxel is up to 0.6 mm), permits visualizing very fine anatomic details such as the septal atrioventricular junction, the chordae tendineae attaching directly on the septal leaflet or the chaotic arrangement of PMs (see below). Studying tricuspid leaflet morphology with CMR may also be challenging. Tricuspid leaflets are in fact thinner than mitral leaflets and are highly mobile, thus, blurring and ghost artefacts not rarely may deteriorate leaflet's images. Nevertheless, some specific anatomic details of TV apparatus may be visible. Moreover, CMR is the gold standard in the assessment of size and function of RV and RV dilation and reduced RV contractility is one of the causes of TA enlargement and FTR.
The surrounding structures
The septal atrioventricular junction The septal leaflet is part of the so-called septal atrioventricular junction. This is a characteristic area where septal components of the atria and ventricles join with the aortic, anterior mitral, and septal tricuspid leaflet. In this region, the septal leaflet presents multiple direct attachments to the ventricular septal wall through chordae tendineae. This arrangement is one of the most constant features of normal TV. When the space around tricuspid leaflets is well opacified, the CT is the only imaging modality that may show these fine anatomic details (Figure 8) . The most peculiar aspect of this area is that the hinge line of the tricuspid septal leaflet is located more apical than the corresponding mitral leaflet. The distance between the two hinge lines in the normal adult heart should not exceed 8-9 mm. Given this peculiar arrangement, the portion of septum between the offset hinge lines is termed the atrioventricular septum (AVS), in that it separates the right atrial from the left ventricular cavity. All the three imaging modality can beautifully represent the AVS (Figure 9) . Previously, this structure was described as being entirely muscular. 27 More careful anatomical and histological observations, have shown as the AVS is made up by the atrial wall on the right side and by the crest of the interventricular septum on left side. In between there is extension of adipose tissue from the inferior atrioventricular groove that separates these two muscular tissues. For this particular anatomical arrangement, this area has been renamed 'atrioventricular muscular sandwich' where the adipose tissue represents the 'meat' in the sandwich. 28 CMR may exquisitely represent this fine anatomical detail ( Figure 10 ).
The membranous septum
Anteriorly the hinge of the septal leaflet divides the MS into the atrioventricular membranous septum (AVMS), which separates the Figure 11A and B) , while 3D TOE can visualize the left aspect of MS in an 'en face' perspective, sited in the interleaflet triangle between aortic non-coronary and right coronary leaflets ( Figure 11C and D) . The anatomical relationship between the septal leaflet and the atrioventricular conduction system, deserves a closer look. The atrioventricular conduction axis is the only specialized muscular structure that crosses the insulating plane of the atrioventricular junction. In the normal heart, the atrial component of this system is located in the so-called triangle of Koch in the right atrium. The anterior border of this triangle is the hinge line of the septal leaflet. The inferior border is delimited by the ostium of the coronary sinus whereas the posterior border is a marked by an intramyocardial strand of fibrous tissue, which is in continuity with the free edge of the Eustachian valve: the tendon of Todaro. The atrioventricular node is positioned immediately inferiorly to the central fibrous body, while the His bundle penetrates into the fibrous body, to pass between the interventricular MS and the muscular ventricular septum. In Figure 12A , 3D TOE shows the atrial aspect of the right atrium with superimposed conduction tissue; in Figure 12B and C cross-sectional imaging of 2D echocardiography with superimposed the atrioventricular node and the His bundle.
The subvalvular apparatus
The suspension apparatus of the TV comprises the chordae tendineae and PMs. As for other tricuspid structures, the right ventricular PMs vary in number, position, and chordal insertions. Moreover, they do not arise from the compact myocardium but from a mesh of trabeculations.
Classically, PMs are organized in three groups: anterior, posterior, and septal.
The anterior PM is the largest and present in practically 100% of the cases. It arises from the anterior wall near the apex, splitting into two or three heads. Particularly interesting is its anatomical relationship with the moderator band (MB). Indeed, MB originates from the trabecula septo-marginalis (TSM) and, by crossing the right ventricular cavity near the apex, it joins the base of the papillary muscle. This 'complex' composed of the TSM, MB, and anterior PM forms a 'Ushaped' structure that marks the border between inflow and outflow portion of the RV (Figure 13) .
The posterior PM arises from the posterior (inferior) wall and often presents multiple heads or several slender PMs. The chordae tendineae, the second components of the subvalvular apparatus, comprise basal chordae, attached to the base of the leaflets, secondary chordae attached to the leaflet bodies, and marginal chordae, attached to the free margins. Chordae arising from the anterior PM, diverge towards the antero-septal commissure and the adjacent segments of the anterior and posterior leaflets. Chordae arising from the posterior PM insert on the posterior leaflet and postero-septal commissure. Lastly, fan-shaped chordae arising from the septal group of PM insert onto the antero-septal commissure whereas chordae from the remainder of the septal leaflet insert directly into the ventricular septum. 
Conclusion
In this pictorial educational review, we illustrate the normal tricuspid anatomy explored by non-invasive imaging techniques. Moreover, we highlighted what image technique is the most appropriate for each component of TV apparatus. Table 1 summarizes strength and weakness of each imaging technique.
At this time, non-invasive imaging techniques are able to explore the heart in 3D providing images on sub-millimetrical scale that depicts fine anatomical details. We believe that this huge armamentarium should be used for illustrating normal anatomy in medical school and to young cardiologists, and this review is an attempt to serve this aim.
